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andMelvinGerstein

sumfARY
.’

A preliminaryanalyticalande~erhentalevaluationofdiborane
asa ram-jetfuelhasbeenmadebecausethereisa needfora ram-jet
fuelthatwillpermita realizationofflightrange,thrust,andcom-
bustionstabilitybeyondthose’attainablewithpetroleumfuels.
Diborane,thoughatpresentexpensiveandnotreadilyavailable,isa
fuelthatappearstooffersomeof theseneededcharacteristics.

Airspecificthrustsof80percentof theidealvalueswere
attainedfordiborane.Theexperimentalairspecificthrustsfor
dlboranewereapproximatelyequaltotheidealvaluesforoctene-1for
correspondingvaluesofthestoichiometricfractionoffuel.Wtth
diborane,smoothstableoperationof thecombustorunitwasmaintained
overa rangeoffuel-airratiosfrom0.00ISto0.10andat combustor
inlet-airvelocitiesup to500feetpersecondintheabsenceofa
flameholder.Stablecombustionofhydrocarbonfuelswasnotattained
ina combustoremployingtheidenticalconfigurationasthatused,for
diborane.Thisstabilityandrangeofoperationisapparentlyrelated
to thewidehfkmnabilitylimitsandtotheextremelyhighspatial
flamespeedsof diborane-airmixtures.Spatialflamespeedsfor
diborane-airmixturesashigh.as169.5feetpersecond.wereobserved
underconditionswherenormalhexanegavea spatialflamespeedof
3.22feetpersecondorless.,

Flightrangecalculationsforanaltitudeof20,000feet,flight
Machnumberof1.665,andambienttemperat~of362°R, indicatethat
liquiddiboraneiscapableofmaximumrangesasmuchas30 to50percent
greaterthanthatobtainedwithaviationgasoline,depending.upon.the
weightof equipmentnecessarytomaintainthediboraneasa liquidduring
flight.Ifdiboraneiscarriedasa gas,itis inferiortoaviation
gasolinefromtheviewpointoftheavailablerange.
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Resultsoftheoreticalcalculationsformaximutnadiabaticcombustor &
flametemperature,combustor-gascomposition,exit-gascomposition,and
netinternalairspecificthrustarealsopresented.

8N
INTRODUCTION

ForseveralyearstheNACALewislaboratoryhasbeenengagedina
studyof specialfuelsforram-jetpowerplants.Firstconsideration
inthisstudyhasbeengiventofuelsthatmayincreaseflightrange,
thrust,andcombustionstabilitybeyondthatattainablewithconven-
tionalfuelsderivedfrompetroleum.Preliminaryselectionoffuels
forinvestigationinexperimentalram-jetfacilitieshasbeenbasedon
propertiessuchasheatingvalue,density,maximumadiabaticflame
temperatureat constantpressure,andinflammabilitylimits.

Thesearchfornewfuelshasbeenresolvedchieflyintoa study
ofmetalsandmetalliccompoundsaspotentialsourcesof energyfor
ram-jetpropulsion.Theuseofsolidfuelscreatesanunusually
difficultinjectionprobleminanyservicepower-plantinstallation.
Liquidmetalliccompounds,suchas.diborane112~andpentaborane~~,
havebeenconsideredaspossibleram-jetfi”els.Becauseof its

-.

availabilityas comparedwithpentaborane,diboranewasselectedfor
firstevaluationalthoughitsuseinvblvedspecialstorageandhandling ●

problems.Bothdiboraneandpentaboranearee~ensiveandrelatively
unavailableascomparedwithpetroleumfuels.

Someofthecomparativepropertiesof diboraneandgasolinethat
ledtothisevaluationarepresentedinthefollowingtable:

Property DiboraneGasoline

Heatof conibustion,Btu/lb 33,513 18,700
Heatofco?ibustion,Ru/cuft 935,220a840,000
Flammabilitylimits,percentbyvolume(lean)<2 1.4

(rich)78 6.5’ .—.
%pecificgravityofliquidtakenas0.4470.

Thewidecombustionlimitsof diboraneinairas compared--with
gasolineindicatesthatdiboranemightbe capableof stableoperation
undermoresevereconditionsthanispossiblewithgasoline.

A preliminary
a possibleram-jet

studyof the
fuelmadeat

combustionpropertiesofdiboraneas
theJohnsHopkinsAppliedPhysics

.
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Laboratory(reference1) indicatesthatignitioncouldbe satisfactorily
obtainedinhigh-velocitygasstr-. Experimentalvaluesfortheair
specificimpulsewithdiboranewerereportedtobe 10to15percent
greaterthanvaluesobtainablewiththebesthydrocarbontuelsunder
similarconditions.

Thepresentstudyincludesbothananalyticalandan e~erimental
evaluationofdiboraneperformanceina ram-jetcombustor.Calculations
ofthepotentialflightrangestobe realizedfromdiboraneandfrom
gasolinearepresentedfora singleflightcondition.An experimental
evaluationof thespatialflamevelocityofdiborane-airmixturesina
l-inch-diameterglasstubeisalsopresented.

AF?ARATUS

Burner.- A dlagra-ticsketchoftheburnersetupisshownin
figure1. Thecombustiontube1sa 2-inchO.D.stainless-steeltube
consistingofa fuel-injectionsectton,a combustionsection,andan
exhaustnozzle.No flameholderwasemployed.Theentireunitwas
immersedina coolanttrough.Fuelwasintroduced2 feetfromthe
burnerexitand3 inchesupstreamofthesparkplug. Twoexhaust
nozzleswereused.Thefirstexhaustnozzle,usedina greaterpark
oftheinvestigation,hada throatdiameterof1.25incheswitha
convergentangleof 7°. Theothernozzlewasa straighttube
(1.875-in.1.D.)withno reductionat theexit.Theinstallationis
showninfigure2.

Fuelsystem.- Diboraneslowlydecomposesatroomtemperatures;
itwasthereforenecessaryto storethediboraneat dry-icetempera-
tureuntilitwasused.Therefrigerationsystemconsistedofa pump,
jacketedfuelline,andtwocoolant-bathchaibers(fig.3). Chamber
servedasa reservoirwheremethylcellosolvewascooledby dryice
to -100°F. ChamberB containedmethylcellosolveandcoolantcoils
throughwhichtherefrigeratedmethylcellosolvefromchmiberA was
circulated.RefrigeratedmethylcellosolvefromchamberA wasalso
circulatedthroughthejacketedfuellinetomaintaina reducedfuel
temperatureup to thepointof injection.

Therefrigerationsystemwasstartedseveralhoursbeforetest
time. WhenthetemperatureinchamberB fellbelow-80°F, a molyb-

A

denumsteeltankc&taining3 poundsof tiboranewastransferredfrom
thedry-icestorageandplacedina rackinchamberB. Therackwas
designedtoholdtwotanksof diborane,butonlyonewasusedinany

. given run. Therackwassuspendedfromtheleverarmofa beambalance
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modifiedtoallowformountingtherackandcounterbalanceweights. “
Unbalancedforcescausedby thechang?infuelweightduringa runwere
transmittedtoa cantileverbeamequippedwitha straingage.“The
straingageformedpartofa recordingself-balancingWheatstone-bridge
circuit.Strain-gagereadingswererecordedautomaticallyona moving-

8&l
striprecorderevery4 seconds,givinga measureof thefuelflowasa
functionoftime.Coolant-bathdensitychangeswereinsignificant
duringanyrun.

.—

Eachdiboranetankwasfittedwitha siphonextendedtothebottom
ofthecylinderanda gasinletat thecylindertop. Fuelwasforced
fromthediboranetankby heliumpressure.Theheliumpressurewas

*

controlled’bymeansofa single-stageregulator.Oncethehelium
pressurewasset,thefuelflowcouldbe startedandstoppedby remote
control.fi’hefuelflowratewasgovernedby theappliedheliumpres-
sureandby thesizeoftheorificeusedinthefuelnozzle.

A conventionalhollow-cone,swirl-typenozzlewitha ratedspray
angleof 60°wasused.Theratioofliquidtogaseousdiboraneinthe
fuelsystemchangedwithoperatingconditions,whichcauseddifficulty
inobtaininganygivenmassfuelflow.Thediboranetemperatureat
theinjectionnozzlewas-67°F. .

Fuellineswerepurgedwithheliumbeforeandaftereachrun.
Thefuelweighingsystemwascalibratedbeforeeachrun. .

Air.- Airat100poundspersquareinchabsolutewassupplied
toth~tup andkeptata constantupstreampressurebymeansofa
remote-controlpressureregulator.Airflowwascontrolledby a
hand-operatedl?-portvalveandwasmeasuredlyanorificelocated
betweenthepressureregula~randtheV-portvalve.A criticalpres-
sureratioacross‘theV-portvalvewasmaintainedforalltests.The
inlet-qirtemperaturewasheldat100°F by anautomaticallycon-

—

trolledelectricairheater.
.-

Aa instrumentsectionconsistingofa static-pressurering,a
total-pressuretube,andan iron-constantanthermocouph.wasinstalled
upstreamofthecouibustionchamber.Inlet-airtemperaturesandpres-
sureswereindicatedby a potentiometeranda manometer,respectively.

Thrustmeasurement.- Thebarrel-typetargetusedtomeasure
thrustisshowninfigure1. Thevelocityoftheexhaustgasesin
thebarrelwasrelativelylow,inasmuchasthebarrelwasmuchlarger
thantheburnerdiameter.Aidedby guidevanes,theexhaustgases
leftthebarreltargetata 90°angle.Theforwardforceon the .

1
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thrusttargetwasindicatedby meansofa straingageandself-balancing~
Wheatstone-bridgecircuit.Thrustmeasurementswererecordedautomatic-
ally ona moving-striprecorderevery4 secondswitha 2-secondtime
interwilbetweenthethrustrecordandthefuel-flowrecordmadeon the
sametape.Thethrust-measuringapparatuswascalibratedbydeadload-
ingpriortoeachrun. Thecalibrationcurvewasessentiallycon-
stant;themaximumchangeinthiscalibrationcurvewas2 percent,or
less,fromruntorun.

Theexhaustgaseswerecooledbywaterspraystoprotectthe
barrelandstraingage.A drainwasprovidedinsucha mannerthat
thewaterheightinthebarrelwouldbe constant.Calibration,with
andwithoutwaterspraysduringair-blasttests,indicatedthatthe
watersprayshadno effectonthemeasuredthrust.

.
FUEL

Source.- Thediboraneusedinthisinvestigationwasobtained
throughthe-cooperationof theDepartmentof
Aeronautics.Thematerialwasapproximately
volumeaccordingtothesupplier.Themajor
probablyethaneandethylether.

Properties.- Valuesforseveralof the
diboraneareasfollows:

the-liavy,Bureauof
95-percentdiboraneby
impuritiespresentwere

physicalpropertiesof

Formula.. . . . . .
Formulaweight . . .
Meltingpoint$OF . .
Boilingpoint,% . .

~heidealthrust

. . . . . . ..*O ● O.**. ● **** ● * B2~

. ...0. ● **.=* ● *9=** ● *** 27.7
● **.. . ..0. .00.. ..*9O ● 0 -285
. . . . . . .**... ● .**** ● ** -134.5

RESULTSANllDISCUSSION‘

IdealThrust

obtainablefromdiborane-airmixturesina ram-
jet,operatingunderconditionscomparabletothoseinvestigated
experimentally,wascalculatedinordertoprovidea standardfor
evaluatingtheexperimentalresults.Thisidealthrustwasobtained
inthefollowingmanner:Thediboranewasassumedtobe 100-percent .
pure;airwasassumedtobe composedof 1 moleof oxygentoevery
3.78molesofnitrogen.Theidealram-jetcombustorgastemperature
andcompositionwerecalculatedfora constant-pressurecombustion

.
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processby thematrixmethodofreference2. Themoleculesassumedto .
bepresentinthecomplexequilibriawereatomichydrogen,molecular
hydrogen,watervapor,hydroxylradical,boronhydrideradicalBH,
atomicoxygen,molecularoxygen,solid,liquid,andgaseousboroti _?!
trioxideB2~, boronmonoxideBO,atomicboron,atomicnitrogen, N“

molecularnitrogen,andnitricoxideNO.,Intheabsenceofreliable
thermodynamicdataforthereactiotiofboronwfthnitrogen,these
possiblereactionproductswerenotincludedinthecalculations.

Thecombustorgas-compositiondataarepresentedinfigure4 and
thecombustortemperaturedata,infigure5. Thethermodynamicdata
ofreference3 wereused. Similarly,theexit-gascompositionand
temperaturefollowingi6entropio-equilibriumexpa~ionfrcmcombustion
pressure(2atmospheres)toexitpressure(1atmosphere)werecalculated.
Theseexit-gascompositionsarepresentedinfigure6 andtheexitgas
temperaturesarepresentedinfigure5; Figure7 presentsthegross
enthalpychangefromconbustorconditionsto exitconditionsasa

..

functionof the’stoichiometricfractionofdiboraneused.
#

Theidealspecificthrustderivablefromtheenthalpychangefrom
combustortoexitconditionsuponcompleteexpansionwascalculated

● -
fromthe

where

%ocket
,

ni

H?T

%

E

( )C,2

( ).e

equationgiveninreference4.

idealrocketspecificthrust,lb-see/lbmixture

numberofmolesofconstituenti

molarenthalpy,calories/grammole

molecularweightof constituenti.

summation

combustor-exitconditions

exitconditionsdeterminedby free-streampressure

●

,-

.-

.
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Theconversionfromrockettoram-jetspecificthrustismadeas
follows:

lRamjet= lRocket(0*066916F + 1) - 1°

where

%am jet idealram-jetspecificthrust,lb-see/lbair

F stoichiometricfractionofdiboraneused

1° flightvelocitydividedby accelerationof gmmity

The’ram-Jetthrustgivenby thisequatianisthethrustmeasuredbya
thrusttarget;thatis,thechangeinmomentumduetomasstimesflow “
Velocltyonly. (Theinternalthrustaotuallyobtainablefroma ramjet
isderivedfromohangesiatotalmomentum,ormassflowtimesflow
velocityplus~esswe timesarea.)

Thee~erhentalcombustorinlet-airdesignconditionswere
2 atmospherespressureand560°R; theseconditionswouldresultllrom.
isentropiocompressionfrom1 atmosphereand459.7°Ri’ora flight
speedof 1101.1feetpersecond.TheH-#et idealtiternalair
spectiicthrustpresentedinfigure8 re~esentsthemaximumnet.
internalairspecflicthrustforthedibozwm-airsystemunderthe
conditionsofoperation.

Theidealairspectiicthrustfora rqwesentativehydrocarbon
fuel(octene-1)wasoaloulatedfromthedataofreference5. The
resultsarepresentedh figure9. l?igures8 and9 establishtwoocun-
parativereferencesforthe”evalutionoftheexperimentalthrust
measurementswithdiboznne.

ExpertientalResults

Thrustandefficiency.- IMgure10presentstheexperimentally
deteminednetinternalah specifiothrustfordibo=ne. Thevalues
wereobtahedby directmeasu%nentofthetotalthrustwitha thrust
targetandwerecorrectedfortheinlet-airthrust.Themethodof
-Iyzing experimentaldataisgivenintable1.

FigureH presentsa ccxap?imnofthetheoreticalspeoificthrust
valuesfordibozamandootene-1wtthe~rimentals~cificthrust
valuesfordibaane.Expertientalspecifiothrustvaluesfordibomne

. areapproximateely80percentd t~ theoreticalvaluesoverthenamge
investigated.Expertientalspecificthrustsfordiboraneareequalto,
or lessthan,thetheoreticalvaluesforocrbene-1up toa stoichimnetrio

. fraotionofabout1.3,andframthispointon,theyaregreaterthan
thoseforoctene-1.

u~
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Stability.- Operationof theexperimentalram-~et
diboranewassmoothandstableovera rangeoffuel-air
0.0015to0.10andat combustorinlet-airvelocitiesup
secondevenintheabsenceofa flameholder.Operation

combustorwith .
ratiosfrom
toEKIOfeetper
wouldprobably s

havebeen,satisfactoryevenathighercombustorinlet-airvelocities;- a
however,thisvelocitywasthehighestattainableinthisinvestigation.
Stablecombustionofhydrocarbonfuelswasnotattainedina combustor
employingtheidenticalconfigurationasthatusedfordiborane.

No blow-outlimitsfordiboranecouldbe determinedduringoper-
ationat2 atmospheresburnerpressure.Availablefacilitiesdidnot
permitoperationat.burnerpressureslessthanatmospheric.l?i~e 12
showstheapproxhgaterangeof inlet-airvelocitiesandfuel-airratiob

..-

investigatedforthetwoexhaustnozzles.

Thestabilityofoperationwithdiboraneoversuchwidefuel-air
ratiosisprobablyrelatedtothewideinflammabilitylimitsandto .
thehighspatialflamespeedsofdiborane-airmixtures.Thediborane- .
airinflammabilitylimitshavebeenstatedearlierinthisreport.
Thevelocityofflamepropagationfora rangeoffuel-airratioswas
determinedina seriesofexperimentsdescribedinappendixA. The
resultsoftheseexperimentsareindicatedinfigure13. Themeasured ● -
valueofthespatialflamespeedfora 0.0634fuel-air.ratiodiborane-

.-.. :

airmixturewas169.5feetpersecond.Forno-l hexanethemaximum
observe~valueforthespatialflamespeedinthesametypeofapparatus ● -

was3.22feetpersecond.Prematureignitionofthediborane-airmix-
turesby extraneoussourcespreventedextensionofthespatial-flame-

.

speeddatatohigherfuel-airratiosinthisapparatus.Fortherange
ofmixtureratioscovered,thedataonflamespeedsreportedhereare
inreasonableagreementwiththedatareportedinreference6.

,.

Deposits.- Little,orno,difficultywascausedby theformation
of solidproductsontheriozzleandburnerwallswhendiboranewas
used.Themaximumdurationof anyrunwas7 minutes.A thindeposit
(approximatel.yl/8-in.thick)formedontheburnerandnozzlewalls,
butthisdepositdidnotinterferewiththeburneroneration.The
nozzlewith-adepositof solid-combustion
figure14.

FlightRange

productsiishownin -.
—

Aspreviouslystated,thedensityandheat-releasepropertiesof
diborane-considerablydifferfromthoseofaviationgasoline.The
effectsofthesedifferencesinfuelpropertiesonaircraftrangewere .
calculated.Detailedassumptionsnecessaryfortheanalysisare,given
inappendixB. .

-.
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. Figure15’presentstheaircraftultimaterangeasa functionof
combustor-outlettotaltemperatureforvariousratiosoffuel-system

g.
weighttofuelweight.Thecomhustor-outlettemperaturesinvestigated
rangedfrom1350°R to chokingconditionsatthecombustor’outlet.

Allrangecalculationsweremadeforanaltitudeof20,000feet,
flightMachnumberof1.665,andambienttemperatureof362°R. These
arenotstandardconditions,nordotheyrepresentanattemptto
describethe-mostlogicalflight’conditionsforeitherfuel.Thecon-
ditionswerechosenbecause,togetherwiththeassumeddiffuserper-
formance,theyresultincombustioninletconditionsidenticaltothose
forwhichthediboranethermodynamicdatawereavailable.Of courseno
rigidconclusionscanbe drawnas totheabsoluteaircraftrangepos-
siblewitheitherfuelby an examinationofonearbitraryflightcon-
dition,butthecomparisonbetweenthetwofuelsat theoneflightcon-
ditionisprobablyvalidovera rangeofflightconditions.Therange
analysiswasconductedwiththislimitedobjectiveinmindandis
intendedtoaffordan insightintotherelativeadvantagesofthetwo
fuelsby comparingthemata singleflightcondition.

.

.

.

Gaseousdiborane.- Thedatainfigure15(a)arebasedon the
assumptionthatthediboraneiscarriedasa compressedgas. The
specificgravityof diboraneassumedforthisfigureis0.170,whichis
approximatelythespecificgravityat thecriticaltemperature.The
rangewitha conventionalaviationgasolineisshuunby a dashedcurve.

It isapparentfromfigure15(a)thatifdibor~ne,iscarriedas a
gas,itcouldshowlittleornorangeadvantageovertheaviationgas-
oline.Intheregionoflowcorrbustor-outlettemperatures(below
2000°R),thediboranecomparesmorefavorablywiththehydrocarbon
ftielthaninthehigh-temperatureregionbecausea shortercombustion
chamberwasassumedforthediboraneawingto itshighflamespeed.
Theshortercombustorresultsinlowernacelledrag,whichisvery
importantinthelow-temperatureregionbecausenacelledragrepresents
sucha largepercentageofthetotalenginethrustoutput.Inthe
high-temperatureregion,nacelledragisnotsoimportant.Inaddi-
tion,theeffectiveheatingvalueof diboranedecreasesrapidlybetween
20000and3200°R owingto thegradualdisappearanceof thenongaseous
phase~03 inthecombustor-outletequilibriumproducts.

Inasmuchas itwasnotconsideredpracticaltomakerigidestimates
ofthefuel-systemweightthatmightbe necessaryfordiborane,three
weightratiosareshowninfigure15(a).Thehydrocarboncurveis
presentedforthesingleweightratioof0.1,whichisa no-l value
fortheconventionalfuel. Becausethevaporpressureof diboraneat
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ambienttemperatureisintherangeof 600

,r.
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,..—
to700poundspersquare .

inch,itis-reasonabletoexpectdiboranef’uel-systemweightratios
fargreaterthan0.1. Theaircraftrangepredictedfor.dlboraneunder
tbse conditionswouldbe greatlyinferiortothatpredictedforthe
hydrocarbonfuel(fig.15(a)).

Liquiddiborane.- A rangecomparisonbetweendihorane,carriedas
a liquid,andtheconventionalfuelispresentedinfigure~(b). The
daahedhydrocarboncurveinfigure15(a)isrepeatedinfigure15(11)
tofacilitatecomparison.Diboranespecificgravitywastakenas
0.447,whichisapproximatelythespecificgravityat thesea-level
boilingtemperature.Low-temperatureoperationisagainmorefavorable
fordiboranethanoperationinthehigh-temperatureregionforthe
reasonspreviouslydiscussedinfigure15(a).

Eecausethesea-lmelboilingtemperatureof diboraneis-134.5°F,
itislogicaltoassumefuel-systemweightratiosgreaterthan0.1if
refrigerationduringflightwereassumednecessary.Figure15(b)indi-
catesthateveniftheweightratioreached0.3,diboranewouldstill
exhibita rangeadvantageoverthehydrocarbonfuel.Formissile
applicationsitmightbe practicaltomaintainthediboraneasa liquid
duringtheflightby allawingittoevaporateas itisusedandutiliz-
ing thelatentheatofevaporationto cooltheremainingliquid.This
methodwouldinvolvea lossofdiboraneduetqevaporationandpossibly
someadditionalweightandbulkrequiredfortankinsulation.Under
theseconditions,fuel-systemweightratiosbetween0.1and0.2might
possiblybe realizedwitha range30 to50percentgreaterthanthat
providedby a conventionalfueliftheevaporationlossofdiborane
issmall.

SUMMARYOFRESULTS

Froma prelimimyexperimentalandanalyticalevaluationof
diboraneasa ram-jetfuel,thefollowingresultswereobtained:

1. Ina 2-inchexperimentalram-~etcombustor,diboranegave
measuredairspecificthrusts80percentofthetheoretical,values.

2.Smoothstableoperationwasmaintainedovera widerangeof
fuel-airratios(0.0015to0.10)even.intheabsenceofa flameholder.
Stablecombustionofhydrocarbonfuelswasnotattainedina comhustor
employhgtheidenticaiconfi~ationas that
blow-outlimitsfordibcmanewerelocatedfor
combustorpressurb~

— .—
—

.

.

usedfordiborane.No ._.
operationat 2-atmosphere

.

.
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. 3. Spatialflamespeedsfordiborane-airmixturesas greatas
169.5feetpersecondwereobservedunderconditionswherenormal

~
hexanegavea spatialflamespeedof3.22feetpersecond,orless.

4.Themaximumadiabaticcombustiontemperatureforairandliquid
diboranemixturesis4898°R foran inlet-airtemperatureof560°R and
a combustorpressureof2 atmospheres.

5.Rangecalculationsforanaltitudeof20,000feetandflight
Machnuniberof 1.665indicatethatliquiddiboraneiscapableofmax-
imumrangesasmuchas30 to!50percentgreaterthanaviationgasoline,
dependingupontheweightofequipmentnecessarytomaintaindi.borane
asa liquid.If dfboraneisca~riedasa ‘gas,itisinferiorto
atiationgasolinefromtheavailablerangeviewpoint.

LewisFlightPropulsionLaboratory,
NationalAdvisoryComitteeforAeronautics,

Cleveland,Ohio. .

.

.
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APPENDIXA .

MEASUREMENTOFSPATIALFLAMESIZIIIIDOFDIBORANE 8.
.

N’
rateofflamepropagationindiborane-airmitiureswasdeter-
a Pyrextubeapproximately8 feetlongand1 inchindiam-
diagrammaticsketchoftheapparatusisshowninfim.me16.

Measurements-weremadeovera 6-inch~&gth ofthetube8 in~hesfrom
theopenend. Oneendofthetubewasequippedwftha ground-glass
$ointthatcouldberemovedtoopenthetubetotheatmospherejust
priorto ignition.Ignitionwasaccomplishedby a sparkgapactuated
by thesecondarycircuitfromb transformerwhoseprimarycurrentwas
suppliedby.a 110-volta.c.line. ,

Fuelvaporwasadmittedfromtheclosedendofthetubeandthe
fuelvaporpressurewasmeasuredona manometer.Thismeasurementwas
used,inconjunctionwiththetotalpressure,to calculatethefuel-air
ratio.Airwasintroducedfromeachendofthetubetofacilitate
mixing.Sufficientairwasaddedtobringthetotalpressureinside
thetubetoatmosphericpressure.A mechanicalstirrerwaspropelled
backandforthinsidethetubeby anexternallycontrolledmagnetic
fieldinorderto insurea homogeneousmixturealongthetubelength.
Thisarrangementwasemployedtominimizethehandlingofan explosive
mixturethatissensitivetoextraneousignitionsources.Evenwith
theseprecautionssomemixturesexplodedprematurely,probablyinduced
byweakelectricdischargeswithinthetubecausedby frictionofthe
stirrerontheglasswalls.Theseprematureexplosionsincreasedin
frequencywithincreasingfuel-airratioandplaceda limitonthe
maximumfuel-airratioforwhichflamespeedscouldbe determinedin
thisapparatus.

Thefirstphotocellservedasthestarterforthepulseinputfrom
anaudio-oscillatorintoa four-decadeelectroniccounter.Thesecond
photocellactedasthecut-offforthe’pulseinputtotheelectronic
counter.Theaveragerateofflamepropagationoverthe6-inchlength
wasdeterminedfromtheindicatedpulsecountontheelectronictimer
andthefrequencysettingoftheaudio-oscillator.Theelectronic
timerandphotocellcircuitwerecalibratedandwerecapableofan
accuracyofabout&3 percentfora timeintervalof0.006second,the
shortesttimeintervalmeasuredinthisflame-speedinvestigation.

.

.

—
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SUMMARYOFAIRCRAFT-RAN(ZEANALYSIS

An analysiswasmadeofthepotentialrangeofa supersonicram
jetoperatedwithdiboraneandwithaviationgasoline.Flightconditions
forthecomparisonwerechosenaspressurealtltudeof20,000feet,
flightMachnumberof1.665,andambienttemperatureof362°R. This
combinationofflightconditions,togetherwiththeassumptionofa
diffusertotal.pressureratioof0.95ande,ccanbustor-inlet“Wchnum-
berof0.18,resultsincombustor-inletconditionsof2 atmospheres
staticpressureand560°R statictemperature.Thesearetheconditions
forwhichdiboranecombustiondatahavebeencalculated.A convergent
exhaustnozzlewasassumedinallcasesbecausediboraneisentropic-
expansiondatawereavailableforonlya 2:1pressureratio.Inasmuch
as thepurposeoftheanalysiswasmainlytoprovidea comparison,the
aviationgasolinefuelwasalsocalculatedonlyfora convergent
nozzle.Otherassumptionsforeachfuelwereidenticalwherever
possible.

Inasmuchas diboranemightrequirerefrigerationorpressuriza-
tionorbothatambientsea-levelandaltitudeconditions,allowance
wasmadefortheweightandbulkof theequipmentnecessarytoaccomplish
thisrequirement.Itwasassumedthatthedensityof thisequipmentwas
40poundspercubicfoot. It isconvenientto includetheweightof this
equipmentinthefuel-systemweightby increasingtheratiooffuel-
systemweighttofuelweight.Inthisway,theweightandbulkof the
pressurizationandrefrigerationequipmentaremadedirectlyproportional
tofuelload. Inasmuchasanestimateof theamountofthisequipment
necessaryforanypracticalinstallationwouldbe of questionable
accuracy,theweightofthisequipmentwasincludedinthediborane
analysisasa variable,andtheentirediboranecalculationswere
repeatedforthreedifferentratiosofthefuel-systemweighttofuel
weight.Fuel-systemwefghtincludesall.equipment,suchas tanks,
pumps,andplumbing,thatisnecessaryto storethefuelduringflight
anddeliverittotheenginesasrequired.

Thecalculation#weremadeovera rangeof coribustor-outlettotal
temperaturesforbothfuelsinordertoobservetheeffectofthis
variableontheresults.

Thecalculationswereperformedtwice:(1)diboranewasassumed
tobe carriedas a gaswiththespecificgravityof0.170,(2)the
diboranewasassumedtobe carriedasa liquidwiththespecific‘
gravityof0.447.Specificgravityof thehydrocarbonfuelwastaken
as0.720inallcases.
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Onlythecruisingpartoftheflightwasanalyzed.Themannerin
whlohtheairoraftreaohedthecruisingaltitudeandMachnumber,whether
by rooketboostorothermeans,wainotconsidered.Inasmuchasalloal-
oulationswereperfo@edforonlyoneaircraftgrossweight,cnmisealti-
tude,andMachnumber,similarboostingprooedurecouldbeusedinall
oasesand,therefore,theboostingrequired.wouldnotinfluencethe
finalcomparisonbetweenthetwofuels.

,
Cruisingra~e wascalculatedbymeansoftheBreguetrangeequation,

whiohassumesthataircraftlift-dregratio,enginespecifiofuelcon-
sumption(lb/(hr)(lbthrust))andflightvelooityremainconstantduring
cruise.Inpracticethiscanbe verynearlyrealizedbymaintainingcmn-
stantvelocityandconstantangleofattaokandallowingtheaircraftto
gainaltitudeas itsgrossweightdecreasesowingtotheconsumptionof
fuelduringtheflight.Ifambienttemperatureretiinsconstantwith
thisincreasingaltitude,Machnumberwillnotchangeand,exceptfor
combustionandReynoldsnumbereffects,theenginespecificfuelcon-
sumptionwillremainconstant.

Dbtailedengineandairplaneassumptionsareasfollows:

Engine

!aQ%”-Diffusertotal-pressureratiowastakenas0.95andcom-
,. bustionchamberinletMachnuniberwasassumedtobe 0.18.Aviation-

gasolinecombustiondata.weretakenfromreference7,andtheproperties
of theproductsof combustionwereobtainedfromreference8. Hydrogen-
carbonratiowastakenas0.168.Combustionandexittemperature,and
enthalpy-changedatafordiborsneweretakenfromfigures5 and7,
respectively.Combustorressurelosseswereestimatedbyusingref-
erence9. 8ThefactorKA ofreference9 wastakenas0.020forthe
aviation-gasolinecombustorandas0.005forthediboranecombustor.
Combustionefficiencywasassumedtobe 100percentforeachfuel.
Exhaust-nozzlepolytropicefficiencywastakenas0.95. .

Nacelledrag.- Nacelledragwascalculatedlyassuminga defi-
ni~ engineccmfigurationforeachfuelasfollows:

,,
Length-diameterratiosbased,oncombustordiameter:

Aviation-gasolineengine. . . . . . . . . . . 11

Diffuser.. . . . . . . . . . . . . . . 4
Comlmstor. . . . . . . . . . . . . . . 4
Nozzle . . . . . . . . . . . . . . . . 3
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Itwasassumedthateachengineconsistedofa conicalcowl
section,a cylindricalconibustor,anda conicalboat-tail(converging)
nozzlesection.Itwasassumedthattheboat-tailpressuredragwas
equaltothepressuredragthatwouldbe e~eriencedby a cowlof
identicalshape.Cowlpressuredragswereobtainedfromreference10.
Theskin~frictiondragcoefficient,basedonwettedarea,wastaken
as0.0025.Itwasassumedthattheengine-inlet,operatingat its
designpoint,justswallowedthefreestream;that3.s,no additive
dragwasincurred.

EuQ& - Engineweightswerecalculatedina mannersimilarto
thatdescribedinreference11. Thepressuredifferenceacrossthe .
combustorshellis22.6poundspersquareInch,whichresults
ina thicknessdiameterof0.00189foranallowablehoopstressof
6000poundspersquareinch.Minimumstiffnessrequirementswere
assumedto demanda thickness-diameterratioof0.002.Theengine
weightwasthereforecalculatedon thisbasis.Theweightestimates
assumedan enginecombustorareaof5 squarefeet. Weigh%wascal-
culatedby assuminguniformskinthiclmessovertheentireengine.
Thediffusersectionwasassumedtobe aluminumandtheremaining
partof theenginesteel.

Airplane
. Airple@egrossweightwastakenas50,000pounds.Thegross

weightwasassumedtobe composedofaircraftstructuralweight,
engineweight,andfuelandfuel-systemweights;zeropayloadwas
assumed.Thestructuralweightwastakenas30percentofthegross
weight,as inreference12.

wing.- Wingdataweretakenfromreference12. Thesedata
assumeda rectangularwingwithanaspectratioof5, anda double-
wedgesectionof5-percentthicknessratio.Thewingwasassumed
toflyat theangleofattackformaximumlift-dragratio.At an
altitudeof 20,000feetandflightMachnumberof 1.665,thewing
maximumlift-dragratiois6.6;wingloadingis401poundspersquare
foot,andoptimumliftcoefficientformaximumlift-dragratiois
0.213.Thewingskin-frictiondragcoefficientbasedonwettedarea
was0.0025.Taildragwas30percentofthewingzero-liftdrag.-
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Fuselage.- Fuselage-wavedragcoefficientwascalculatedusing
datainreference12,whichisbasedona ClassI bodyofreference13.

*—

Skin-frictiondragcoefficientbasedonwettedareawastakenas0.0020
togetherwitha fuselage-finenessratioof12. Itwasassumedthatthe g

fuselagewasentirelyfilledwithfuel,fuelsystem,andcontrols.
Requiredcontrol
2 cubicfeetper

1. Earl,W. G.:

volumewastakenfrom
tonofaircraftgross
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